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SUMMARY 

Unnotched [±0/0/90] graphite/epoxy laminates, designed to delaminate at 

s 

the edges under static and cyclic tensile loads, were tested and analyzed. The 
specimen stacking sequences were chosen so that the total strain-energy-release 
rate, G, for edge delamination was identical for all three layups. However, 
each layup had different percentages of crack-opening and shear-mode strain- 
energy-release rates, G. j. and G.^, respectively. Results with composites 
made from T300 graphite fibers and 5208 epoxy, a brittle resin, indicated that 
only Gj. contributed to delamination onset under static loading. However, 
results with composites made from C6000 fibers and H205 epoxy, a tougher resin, 
indicated that the total G governed the onset of edge delaminations under 
cyclic loads. In addition, for both materials, the threshold level of G for 
delamination onset in fatigue was significantly less than the critical G 
measured in static tests. Furthermore, although the C6000/H205 material had a 
much higher static G^ than T300/5208, its fatigue resistance was only slightly 
better. A series of mixed-mode tests, like the ones in this study, may be 
needed to evaluate toughened-resin composites developed for highly strained 
composite structures subjected to cyclic loads. 
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delamination size 
incremental delamination size 

stiffness of a 90° ply in axial (loading) direction 
axial stiffness of a laminate containing +45°, -45°, and 0° plies 
axial laminate stiffness calculated from laminated plate theory 
axial stiffness of a laminate completely delaminated along one 
or more interfaces 

strain-energy-release rate associated with edge delamination 
critical strain-energy-release rate for delamination onset 
strain-energy-release rate components due to opening, interlaminar 
shear, and out-of-plane shear fracture modes 
critical value of Mode I strain-energy-release rate for delamina- 
tion onset 
ply thickness 
number of fatigue cycles 
number of plies 
laminate thickness 
nominal tensile strain 

nominal tensile strain at delamination onset 
maximum cyclic strain level in fatigue 
fiber orientation angle in laminate plies 
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INTRODUCTION 


One major obstacle to the application of advanced composite materials in 
primary aircraft structure is the tendency for these materials to delaminate. 
Delamination often results in loss of stiffness, strength, and fatigue life 
[1-4]. Delamination failure criteria are needed to predict the onset and growth 
of delaminations. One measure of delamination resistance under static loading 
is interlaminar fracture toughness. The interlaminar fracture toughness, G c , 
of a composite laminate is the critical value of the strain-energy-release rate, 

G, required to cause a delamination to grow. Previously [l], the critical strain- 
energy-release rate measured at delamination onset in eleven-ply [±30/±30/90/90] s t 
NARMCO T300/5208 graphite/epoxy laminates was used to predict delamination 
onset in* layups with other thicknesses and stacking sequences. Good agreement 
was found between measured and predicted delamination onset strains. However, 
before delamination criteria can be generated with confidence, the relative con- 
tributions of interlaminar tension and shear to the formation and growth of 
delaminations must be identified. 

The primary goal of this investigation was to determine the effect of 
different mixed-mode (interlaminar tension and shear) strain-energy-release 
rate percentages on the formation of edge delaminations in unnotched laminates 
subjected to static and cyclic tensile loads. Unnotched graphite/ epoxy laminates, 
designed to delaminate at specific interfaces, were analyzed and tested. A 
parametric study was performed to optimize laminate layups for G c measurement 
(Appendix) . A combination of stacking sequences was chosen so that the total 

The bar over the center 90 ply denotes one half of a ply thickness. 

1 ‘Use of trade names or manufacturers does not constitute an official endorse- 
ment, either expressed or implied, by the National Aeronautics and Space 
Administration or AVRADCOM. 
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strain-energy-release rates were the same, but the percentages of interlaminar 
tension, Gj, and interlaminar shear, G^ T , were very different. A closed-form 
equation [l] was used to calculate total strain-energy-release rates. A quasi- 
three-dimensional finite-element analysis [5] was used to determine G^. and G^ 
percentages using the technique outlined previously [1]. 

Static tests were performed on T300/5208 laminates. Measured delamination 

onset strains and corresponding strain-energy-release rates were compared for 

the layups with the same total G but with different G^. and G^ percentages. 

Results were also compared to G T measurements from double cantilever beam tests. 

± c 

Static and fatigue tests were performed on Hexcel C6000/H205 graphite/ 
epoxy laminates. The number of cycles to delamination onset at prescribed maxi- 
mum cyclic strains (and corresponding strain-energy-release rates) were compared 
for two layups with the same total G but again with different G^. and G^ percent- 
ages. 

The secondary goal of this investigation was to determine if these static 
and fatigue tests could be used to establish the relative delamination resistance 
of different composite materials. Therefore, static and fatigue results for 
T300/5208 and C6000/H205 were compared. 
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STATIC BEHAVIOR 


Delamination Onset Prediction 

Previously, the onset of 0/90 interface edge delaminations in [+45 /-45 /0 / 

n n n 

90 ] (n = 1,2,3) T300/5208 graphite/ epoxy laminates were predicted from a closed 

n S 

form equation for the total strain-energy-release rate, G, for edge delamination 
[1]. This equation 


0 ■ 4 <\am - E *> <« 

is independent of delamination size. The stiffness quantities, an( ^ E*» were 

calculated from laminated plate theory and the rule of mixtures [1,2], To pre- 
dict delamination onset, the critical value, G c> was calculated from equation (1) 
using the critical strain, £ c> measured at the onset of -30/90 interface edge 

delamination in tension tests on [±30/±30/90/90] laminates. Then, equation (1) 

s 

was rearranged, and this G was used to predict £ in the [+45 /-45 /0 / 90 ] 

c c n n n n s 

laminates. The predictions [1] agreed closely with the data reported [6], In 
this study, additional 8-ply and 16-ply specimens were tested to verify these 
results. Figure 1 shows that the predicted and newly measured values of z^ also 
agreed well. The arrow in the stacking sequence shown in figure 1 indicates 
that delaminations were modeled in the 0/90 interfaces. Figure 2 shows a micro- 
graph of the specimen edge showing the delamination location through the thickness 
for the 8-ply laminates. Delaminations formed at, and wandered between, the 0/90 
interfaces where they were assumed to occur. This same detail was observed for 
the 16-ply laminates. 

Because these results verify the thickness dependence of delamination onset 
observed in the data and show good quantitative agreement with predicted delamina- 
tion onset strains, the strain-energy-release rate appears to be a viable 
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parameter for predicting delamination behavior. However, G, as calculated using 
equation (1), is a total strain-energy-release rate consisting of both and 
G j.. As previously mentioned, to evaluate the relative contributions of the 
two fracture modes to edge delamination, three different quasi-isotropic lay- 
ups, each with the same total G but different percentages of G^ and G^, were 
analyzed and tested. The total G was calculated from equation (1), and the 
relative percentages of G^ and G were calculated by a finite- element analysis 
[5] using the technique outlined previously [l]. 

Analysis 

Three different quasi-isotropic layups were analyzed. Laminate A was 

[±45/0/90] , laminate B was [0/±45/90] , and laminate C was [45/0/-45/90] . All 
s s s 

three have 90° plies in the center to create high interlaminar tensile stresses 
at the 0/90 interfaces, where 0 is either 0° or -45°. Delaminations were modeled 
at the 0/90 interfaces for laminate A, and at the -45/90 interfaces for laminates 
B and C. 

Because these layups are all quasi-isotropic, their initial laminate stiff- 
nesses, are identical. The rule of mixtures equation for stiffness after 

the 0/90 interfaces are completely delaminated is 


E* 


6E [±45/0J + 2E T901 
8 


( 2 ) 


The stiffness of a [±45/0] laminate, calculated from laminated plate theory, 

s 

is identical for all three permutations of +45°, -45°, and 0° plies in layups 
A, B, and C. Hence, E is also identical for the three layups. Therefore, 
the total strain-energy-release rate calculated from equation (1), for a given 
nominal strain, and laminate thickness, t, will be identical for laminates 


A, B, and C. 
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Figure 3 shows the finite element meshes used to calculate strain energy 
release rates. Delaminations were modeled in the 0/90 interfaces previously 
specified. The virtual crack extension technique outlined in reference 1 was used 
to compute strain-energy-release rates from nodal forces and displacements cal- 
culated before and after an incremental delamination extension, respectively. 
Figure 4 shows G calculated with the coarse finite element mesh and a remote 
strain of 0.004, plotted as a function of delamination size normalized by ply 
thickness. As was previously observed for other layups [7-10], G^., and total 
G are independent of delamination size, once the delamination has grown one to 
two ply thicknesses in from the specimen edge. As indicated in figure 4, the 
total G calculated from finite element analysis by summing G^ and G ^ agrees 
closely with the total G calculated independently from equation (1) . Figure 4 
also shows the percentage of the total G attributed to the opening mode, G^. 

The opening mode, G^., was 85 percent, 57 percent, and 28 percent of the total 
G for laminates A, C, and B respectively. The interlaminar shear mode, G f 
constituted the remainder. The out-of-plane shear mode, G.^^., was negligible 
for all three layups. 

Refinement of the coarse finite element mesh from one to three elements 
through a ply thickness had a negligibly small effect on the G I percentages, as 
shown in figure 4 for a/h = 3.7. The G curves in figure 4 were generated 
assuming material properties in table 1 [6]. In addition, a three-dimensional 
set of material properties were used, based on the work of Kriz [ 11 ] , to 
account for the different in-plane and through thickness moduli and Poisson 1 s 
ratios. These modified properties had only a small influence on the G^. per- 
centages, as shown in figure 4 for a/h = 9.3. 
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Experiments 

Two 305 mm by 305 mm panels were made for each of the three layups using 
the same roll of T300/5208 graphite /epoxy prepreg. Each panel was cured in an 
autoclave using the manufacturer’s prescribed curing cycle. Five 254 mm by 
38 mm (10-by-1.5 inch) coupons were then cut from each panel and tested in 
tension using apparatus and procedures described in references 1 and 2. A pair 
of LVDT’s were mounted on either side of the specimens to measure nominal strain 
over a 102 mm (4 in.) gage length. Dye-penetrant-enhanced radiographs were taken 
to confirm the onset of edge delamination, which was indicated by a deviation 
from a linear stress-strain curve. Photomicrographs of specimen edges shown in 
figures 2 and 5 indicated that delaminations formed only in the interfaces that 
were assumed to delaminate in the analysis. 

Results and Discussion 

Laminates A, B, and C all have the same total G. Therefore, if total 
governs the onset of edge delaraination, would be identical for all three 
layups. However, if only G^ governs delamination onset, then would be 
lowest for the layup with the highest G^. percentage. Hence, £ would be lowest 
for A, highest for B, with C somewhere in between. Figure 6 shows the 
measured values. The symbols represent the mean of ten tests, and the brackets 
show the scatter. The mean values of were lowest for layup A and highest 
for layup B, with C in between. Hence, G^, and not the total G, appears to con- 
trol the onset of edge delamination for static loading. 

Figure 7 shows the critical values of strain-energy-release rate, G^, 

calculated from equation (1) with the data for the three layups. The open 

symbols and brackets represent the mean values and scatter bands, respectively. 

The solid symbols represent corresponding values of Gj calculated from the 

percentage of G that was due to G . For laminates A and C, these Gj values 
c 1 c 
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agree fairly well with G T data from unidirectional double cantilever beam (DCB) 

*c 

flexure tests [12]. However, for laminate B, which had the lowest G^. per- 
centage, the estimated G-r was well below G T measured by the DCB tests. 

c A c 

Both laminates B and C exhibited large scatter in G £ data and, hence, in 

Gj values. Figure 8 shows that both of these laminates developed many 90° ply 
c 

cracks before the onset of delamination, as seen in sequential dye-penetrant- 
enhanced radiographs taken at load increments throughout the tests. Previously, 
Talug and Reifsnider [13,14], and more recently Crossman, Wang, and Law [8,9], 
showed that interlaminar tensile stresses can develop at ply interfaces at 
matrix crack tips. Perhaps, the interaction of these stresses with the inter- 
laminar edge stresses due to Poisson’s mismatch led to the large G^ scatter 
observed in layups B and C which developed many cracks before delamination onset. 
Furthermore, in layups like B where the Gj percentage is low, these stresses may 

have a significant effect on the apparent mean values of Gj . Hence, care 

c 

should be taken to avoid extensive 90° ply cracking before delamination onset 
in layups where the edge delamination test is used to measure interlaminar 
fracture toughness. Matrix ply cracking can be reduced by optimizing specimen 
layups to minimize the required to measure a given G £ . A [±35/0/90] g 
family of layups appears to be optimal (see Appendix) . Layups from this 
family were used to study delamination resistance in fatigue in the next 
section. In addition, concern about 90° ply cracking influencing G £ measure- 
ments is diminished for tougher resin composites where 90° ply cracking is 
suppressed [7], For this reason, C6000/H205 graphite /epoxy composites were 
analyzed and tested to study mixed-mode effects in fatigue. 
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FATIGUE BEHAVIOR 


Analysis 

Cyclic loading may cause extensive delamination in graphite/epoxy lami- 
nates, even for stacking sequences that do not delaminate under static loads. 
Therefore, it is necessary to characterize delamination resistance in fatigue 
as well as in static loading. To this end, two layups with the same total 
strain-energy-release rate, but relatively high and low G percentages, 

were analyzed and tested. Specifically, these layups were [±35/0/90] and 

s 

[0/±35/90] g . The 35 angle was chosen from a parametric study to optimize 
the layup for the edge delamination test for measuring interlaminar fracture 
toughness (see Appendix). Both laminates have 90° plies in the center to 
create high interlaminar tensile stresses. 

Figure 9 compares G and G^., calculated at a remote strain of 0.004, 
for two [±0/0/90] families. Results for both [±0/0/90] families were cal- 

b s ' 

culated using the T300/5208 material properties in table 1 [6]. The quasi- 
isotropic results were replotted from figure 4. As indicated by the arrows 
in figure 9, delaminations were modeled in the 0/90 and -35/90 interfaces for 
the [±35/0/90] g and [0/±35/90] g layups, respectively. The open symbols show 
the total strain-energy-release rates, calculated by summing G^ and G^. 

The solid symbol shows that these total G's agree well with values calcu- 
lated independently from equation (1) . Also shown in figure 9 are the Gj 
calculations from finite-element analyses. 

Figure 9 illustrates that changing 0 from 45° to 35° will result in a 
higher total G at the same remote strain, and a wider range of Mode I 


10 



percentages for the three different stacking sequence permutations. Further- 
more, as was previously noted [7], G ^ percentages are controlled by the 
stacking sequence and are very insensitive to large changes in the matrix- 
dominated lamina properties, as long as the fiber— dominated moduli are rela- 
tively unchanged. Table 2 shows the influence of material properties on G^. 
percentages for the [±35/0/90 ] family of layups. The range of Mode I per- 
centages was slightly greater for T300/5208 than C6G00/H205, due primarily to 
the lower value for the C6000/H205 composite (table 1) • 

Experiments 

Static and constant-amplitude, strain-controlled (R = 0.2, f “ 10 Hz) 
cyclic tests were performed on [±35/0/90]^ and [0/±35/90] g layups made of 
C6000/H205 graphite/epoxy. The H205 epoxy was chosen because, as a composite 
matrix, it has significantly greater interlaminar fracture toughness than the 
5208 epoxy [7,15]. Furthermore, 90° ply cracking was greatly suppressed in 
C6000/H205 [ ±30/130/90/90] laminates used to measure interlaminar fracture 
toughness [7]. Hence, the tougher H205 matrix was expected to suppress 90° 
ply cracking before delamination in the [0/±35/90] g layup that has a low 
percentage. 

Tests were run until the first indication of delamination onset. Indi- 
cations involved a combination of visual detection, audible detection, and 
measured stiffness loss indicated by a discontinuous jump in the load deflec- 
tion plot during static tests or a drop in cyclic load during the strain- 
controlled fatigue tests. At the first sign of delamination, loading was 
stopped and a dye-penetrant-enhanced radiograph was taken to verify the 
presence of delamination. 
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Figure 10 shows typical dye-penetrant -enhanced radiographs for the C6000/ 

H205 laminates taken just after delamination onset in fatigue. Figure 11 shows 

that delaminations formed in the 0/90 interfaces of [±35/0/90] and in the -35/90 

s 

interfaces of the [0/±35/90] g layups as modeled. The delaminations wandered 
through the 90° plies to the symmetric 0/90 interfaces. There was no evidence 
of significant 90° ply cracking before delamination during either the static or 
cyclic loading. 

Results and Discussion 

Figure 12 shows the delamination onset strains as a function of fatigue 
cycles for the two C6000/H205 layups chosen from the [±35/0/90] family. 
Delamination onset strains for static loading are shown at N = 0 in this figure. 
Delaminations formed at the edge of [±35/0/90] g layups before failure. How- 
ever, the [0/±35/90] g layups fractured into two pieces before delaminations 
formed at the edge. These layups have the same total G, but did not delaminate 

at the same strain. Hence, total G does not control delmaination onset for 

c 

static loading. Because the [±35/0/90] layup that did delaminate has a very 

s 

high Gj percentage, then G^ probably plays the dominant role under static 
loading as was observed earlier for T300/5208. However, quantitative verifi- 
cation would require performing static tests on composites with higher fiber 
failure strains (see Appendix) . 

The fatigue data in figure 12 show the number of cycles applied at the 
onset of edge delamination for a range of maximum cyclic strains. Fatigue 
cycles are plotted on a linear scale to show the steep reduction in the 
maximum cyclic strain for delamination onset with increasing fatigue cycles. 
Eventually, a plateau is reached that is tantamount to an endurance limit for 
delamination onset. Below this level, no delaminations formed. Data points 
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with arrows indicate runouts at 10 cycles. Figure 12 demonstrates that 
delaminations form at different strains in the two layups under static loading. 
However, delaminations form at nearly identical numbers of fatigue cycles at the 
same maximum cyclic strains in the two layups. 

Static and constant-amplitude fatigue data for [±45/0/90]^ T300/5208 
laminates are also shown in figure 12. These fatigue data were generated in load- 
controlled tests [3]. However, these data can easily be transferred to maximum 
cyclic strains since no significant stiffness loss occurs before delamination 
onset [1,2]. The endurance limit for delamination onset, i.e., the maximum 
cyclic strain at which no delamination occurs at 10^ cycles, is higher for 
C6000/H205 than for T300/5208. However, because strain endurance limits will 
decrease with increasing laminate thickness [3], comparisons of the fatigue 
delamination resistance of materials should be presented in terms of strain-energy- 
release rates. 

Figure 13 shows critical values for delamination onset, calculated from 

equation (1), as a function of fatigue cycles. For static tests (N = 0) , 

values were calculated from the data shown in figure 12. For fatigue tests 

(N > 0) , G^ values were calculated from the data shown in figure 12. The 

G values for the [ ±35/0/90] and [0/±35/90] layups under static loading are 
c s s 

obviously different; however, the G c values under cyclic loading for the two 
layups are nearly identical. Hence, although G^. may govern delamination onset 
under static loading for the C6000/H205 composite, the total G appears to 
govern the threshold for delamination onset in fatigue. Obviously, the inter- 
laminar shear that is present may not contribute to delamination under static 
loading, but contributes fully to delamination under cyclic loading. Of course, 
the difference in static versus fatigue behavior is not simply a matter of 
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adding the interlaminar shear contribution, because the threshold value of G 
for fatigue is much less than the static G^. Furthermore, if we were to con- 
sider the H205 matrix material as a toughened resin alternative to 5208, 
figure 13 shows a significant improvement in the static G , yet the magni- 
tude of this improvement for the G^ threshold in fatigue is much less. Hence, 
a series of mixed-mode static and cyclic tests, like those performed in this 
study, may be needed to evaluate toughened resin composites developed for highly 
strained composite structures subjected to cyclic loads. 
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CONCLUSIONS 


Unnotched composite laminates, designed to delaminate at the edge under 
static and cyclic tensile loads, were analyzed and tested. The specimen 
stacking sequences were chosen so that the total strain-energy-release rate, G, 
for edge delamination was identical for all three layups. However, each layup 
had different percentages of crack opening and shear mode strain-energy-release 
rates, and G^, respectively. Static and fatigue tests were conducted on 
T300/5208 and C6000/H205 graphite/epoxy laminates. Based on the analysis and 
experiments conducted, the following conclusions have been reached: 

(1) The interlaminar crack opening mode strain-energy-release rate, G^., 
controls the onset of edge delamination under static loading. 

(2) The total mixed-mode (interlaminar tension and shear) strain- 
energy-release rate controls the onset of edge delamination under 
cyclic loads. 

(3) The threshold value of strain-energy-release rate for delamination 
onset in fatigue is significantly less than the corresponding 
value measured in a static test. 

(4) Based on a comparison of T300/5208 and C6000/H205 laminates, the 
improved delamination resistance provided by the toughened resin 
(H205) composite was much larger for static loading than 
fatigue loading. 

(5) A series of mixed-mode static and cyclic tests, like those performed 
in this study, may be needed to evaluate toughened resin composites 
developed for highly strained composite structures subjected to 
cyclic loads. 
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APPENDIX - Layup Optimization for G Measurements 

c 

Background 

Recently, the edge delamination test was used to measure the interlaminar 

fracture toughness of toughened resin composites in reference 7. In that 

study, eleven-ply [ ±30/±30/90/90] g laminates, with C6000 graphite fibers 

reinforcing Hexel 205 and rubber-toughened F185 resins, were tested to determine 

critical values of mixed-mode interlaminar fracture toughness, G £ . These edge 

delamination tests were successful in discriminating the improved toughness of 

the different matrices. However, in order to achieve a better quantitative 

comparison of interlaminar fracture toughness, layups with a wide range of 

mixed-mode percentages are needed. In addition, fiber-dominated layups, 

containing zero degree plies, may be needed for testing composites with 

toughened resins (like the rubber-toughened F185 resin) that exhibit material 

nonlinearity in the individual plies of the [ ±30/±30/90/90] layup before 

s 

delamination onset [7], Therefore, a parametric study was undertaken to 
develop optimal layups for the edge delamination test for measuring inter- 
laminar fracture toughness. 

The ideal layup for the edge delamination test would be one that requires 

the fewest number of plies yet delaminates at the lowest possible strain for 

a given interlaminar fracture toughness. Minimizing the number of plies will 

help conserve the amount of constituent material needed to make the composite 

specimen. This is of particular concern when only small quantities of resin 

are available. Minimizing e for measuring a given G will help insure that 

c c 

edge delamination precedes extensive 90° ply cracking and/or fiber and, hence, 
laminate failure. Some 90° plies must be kept in the center of the laminate to 
insure a high Poisson's mismatch [16]. 
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[±0/90] Family Optimization 

Perhaps the simplest layup would be a [ ±0/90 ] ^ five-ply laminate with 

delaminations occurring in the -0/90 interfaces. As 0 varies, the ( E L ^ “ E*) 

term in equation (1) will change. Figure 14 shows the variation in delamination 

onset strains, e^, required for various [±0/9O] g laminates to measure an inter- 

2 

laminar fracture toughness of 0.15 kj/m . As shown in figure 14, the lowest 
occurs in the vicinity of 30°. 

Furthermore, by noting that is proportional to l//t, increasing the 

laminate thickness, t, will also lower the required to measure a given G^. 

This may be accomplished in two ways: first, by increasing the number of angle 

plies, i.e., [(±0) / 90 ] , or second, by increasing the number of 90° plies, 
n s 

i.e., [±0/90^], where n - 1,2,3... Figure 15 shows the effect of both techniques 

on the £^ required to measure a given . For a given number of 90° plies, n, 

the [(±30) o /90 ] layup requires a lower e than the [±30/90 ] layup to measure 
l n s c ns 

the same G^. However, increasing the number of angle plies has the disadvantage 
of rapidly increasing the laminate thickness and, hence, the amount of material 
needed to make the specimen. Increasing ±0 plies requires adding four new plies 
each time. As shown in figure 15, increasing the number of 90° plies will also 
lower the required to measure a given G^. However, increasing the number of 
90° plies has the disadvantage, when taken to extremes, of increasing the contri- 
bution of the 90° ply cracks to laminate stiffness loss. Such a significant 
contribution would have to be included in the E calculation [l]. In addition, 
if the number of 90° plies grouped in the center is large enough, delaminations 
can form due to the interlaminar stress fields that develop in the interface 
at the 90° ply crack tips and not due to the large Poisson’s mismatch [8,9,17]. 
However, both these concerns about increasing 90° ply thickness are diminished 
by the tendency for 90° ply cracking to be suppressed in composites with 
toughened-resin matrices [7]. 
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Based on this parametric study, the eleven-ply [ ±30/±30/90/¥o] s layup 
(shown on figure 15 as [ (±30) 2 /90 n ] g where n = 3/2) previously used in 
reference 7 is a good candidate layup to measure interlaminar fracture tough- 
ness. However, because material nonlinearity may appear before delamination 
for composites with toughened matrix resins [7], an alternate layup was sought 
for the edge delamination test. 

[±0/0/90] Family Optimization 
s 

The [±0/0/90]^ family of layups was considered because including the 0° ply, 

i.e., having a fiber-dominated layup, would suppress the material nonlinearity. 

Figure 14 shows the variation in delamination onset strain, e , for various 

c 

[±0/0/90]^ layups required to measure an interlaminar fracture toughness of 
2 

0.15 kJ/m . The lowest £ c occurs in the vicinity of 35°. Figure 15 shows the 

effect on e of increasing 90° ply thickness for [±35/0/90 ] laminates. The 
c ns 

same concerns mentioned earlier about increasing 90° ply thickness would also 

apply to this layup, but would be diminished by the tendency for 90° ply 

cracking to be suppressed in toughened resin matrices [7]. As shown in figure 

15, the largest reduction in £ results between n = 1/2 and n = 1. Hence, the 

8-ply [±35/0/90] laminate is a good candidate for the edge delamination test, 
s 

Furthermore, the finite-element analysis performed in this study (table 2) 
shows that the three permutations of the +35°, -35°, and 90° plies will result 
in three 8-ply layups with the same total G but a wide range of Gj. and G^ 
percentages. Hence, the [±35/0/90] g family of layups should be very useful 
for evaluating mixed-mode effects in toughened resin composites. One potential 
disadvantage with these layups, however, is that the range of toughness 
measurements that can be made is limited by the ultimate tensile strain of the 
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fiber, which controls the nominal failure strain of a fiber-dominated lami- 
nate [2]. However, the new high failure strain (> 1.4 percent) graphite 
fibers currently on the market will increase the range of G £ measurements 
possible beyond the 1 percent limitation illustrated in figures 14 and 15. 

Summary 

As a result of this parametric study, the eleven-ply [±30/±30/90/90] s 
and the 8-ply [±35/0/90] layups appear to be good candidates for the edge 
delamination test for measuring interlaminar fracture toughness. Furthermore, 
the three permutations of the 8-ply layup, i.e. , [±35/0/90]^, t +35/ 0/— 35 / 90 ] ^ , 
and [0/±35/90] s , all have the same total G but a wide range of Gj and G n 
percentages. Hence, these three layups are good candidates for studying mixed- 
mode effects in toughened resin composites. 
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TABLE 1 — Lamina properties. 



1^11 , GP sl 

E 22 , GPa 

G^ * GP ^ 

V 12 

T300/5208 

134 

10.2 

5.5 

0.30 

C6000/H205 

125 

8.4 

5.3 

0.33 


TABLE 2 — Influence of material properties on percentage. 



[±35/0/90] s 

[+35/0/-35/90] g 

[0/±35/90] g 

T300/5208 

90% 

58% 

22% 

C6000/H205 

88% 

59% 

25% 
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Fig. 1 — Delamination 








Fig. 2 — Delaminated straight edge, [±45/0/90] g T300/5208 laminate. 
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Fig. 5 — Delaminated straight edges, I+45/0/-45/90] and I0/±45/90] T300/5208 laminates 



Fig. 6 — Delamination onset strains for T300/5208 laminates. 
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Fig* 7 Comparison of interlaminar fracture toughness measurements for T300/5208. 
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Fig. 8 — Number of 90 cracks before delamination, T300/5208, 
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Fig. 9 Strain-energy-release rates for [±9/0/90] laminate families. 
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Fig. 10 — Radiographs showing delamination onset in fatigue 
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Fig. 11 — Delaminated straight edges after fatigue, C6000/H205 
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Fig. 12 — Delamination onset as a 
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Fig. 13 — Critical G £ as a function of fatigue cycles. 
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Fig. 15 — Parametric study of variation in delamination onset strains with thickness. 
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